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Abstract. We use deep Chandra observations to measure the emissivity of the unresolved X-ray emission in 
the elliptical galaxy NGC 3379. After elimination of bright, low-mass X-ray binaries with luminosities ^ 10"^^ 



erg s~ , we find that the remaining unresolved X-ray emission is characterized by an emissivity per unit stellar 
mass Lx/Af, ~ 8.2 x 10^^ erg s~^ Mg^ in the 0.5-2 keV energy band. This value is in good agreement with those 
previosuly determined for the dwarf elliptical galaxy M32, the bulge of the spiral galaxy M31 and the Milky Way, 
as well as with the integrated X-ray emissivity of cataclysmic variables and coronally active binaries in the Solar 
neighborhood. This strongly suggests that i) the bulk of the unresolved X-ray emission in NGC 3379 is produced 
by its old stellar population and ii) the old stellar populations in all galaxies can be characterized by a universal 
value of X-ray emissivity per unit stellar mass or per unit K band luminosity. 
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1. Introduction 

Non-active galaxies produce X-ray emission that gen- 
erally consists of a diffuse component originating 
in hot interstellar gas and emiss i on fr om point-like 

The diffuse 
that provides a 
central massive 
in- 



(CVs) and coronally active binaries (ABs), together pro- 
duce a considerable X -ray luminosity per unit stellar mass 
( Sazonov et al. 20061) . which allows one to explain the 



sources (e.g. iTrinchieri fc Fabbiand 119851 ) 
X-ray emission 
record of past 



is a powerful tool 
star formation and 
black hole activity t hrough their effects on th e 



terstellar medium (e.g. | Heckman. Armus. fc Miley 
Loewenstein fc Mathews" Il99lt I Strickland et al.l 



199C; 



200C; 



10'^^ erg s ^) compact sources. 



Churazov et al. 2001 : Birzan et al.ll2004l ). and to measure 
total (including dark matter) m asses of elliptical galaxies 
( Forman. Jones, fc Tucker 19851 ) 

Luminous (Lx ^ 10^^ 
including low- and high-mass X-ray binaries (LMXBs and 
HMXBs, respectively) can be individually detected in 
nearby galaxies with Chandra and XMM-Ncwton. Since 
the measured luminosity functions of both LMXBs and 
HMXBs are signi ficantly flatter than dN/dL^ oc at 



low luminosities (jGilfanovi 120041 ) . many studies assumed 
that any remaining unresolved X-ray emiss ion in galax- 
ies must originate in hot int erstellar gas (e.g. lShirev et al 



200 it IStrickland et aLlliool to name but a few). 

However, it was recently recognized that weak X- 
ray sources with luminosities 10^^-10^* erg s~^ located 
in the Solar vicinity, in particular cataclysmic variables 
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apparently diffuse X-ray emission distributed over our 
Galaxy (the so-called Galactic Ridge X-ray Emission) as 
the supe rposition of a gr eat number of such low-luminosity 
sources (jRevnivtsev et a l. 2006). Since CVs and ABs (and 
LMXBs) are not associated with ongoing or recent star 
formation, it is reasonable to expect that such objects 
should produce, in all galaxies, approximately the same 
amount of X-ray emission per unit stellar mass as in the 
Milky Way 

A particularly important contribution from unresolved 
point sources may be expected in the soft X-ray band 
(0.5-2 keV). Indeed, the cumulative emissivity of low- 
luminosity sources in the Solar neig hborhood is estimate d 
at dL^/M^ -1-3x1028 erg s'^ (|Sazonov et all l2006l ). 
which for a galaxy of mass M^, implies a total luminosity 
of a few X 1O^^(M*/1O"M0) erg s~^ in unresolved soft X- 
ray emission, which is just a few times smaller th an the ex- 
pecte d cumulative luminosity of bright LMXBs (jGilfanov 
20041 ). In fact, the possibility that unresolved point sources 
might provide an important contribution to the X-ray lu- 
minosity of galaxies was discussed in several early w orks 
(|Pellegrini fc Fabbiand Il994l : llrwin fc SarazinI Il998l ) but 
was not supported b y quantitative estima tes (see how- 
ever some estimates in Pellegrini et al.|[2007l ) . Importantly, 
both in coronally active stars and in cataclysmic variables 
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(i.e. accreting white dwarfs), we arc dealing with thermal 
X-ray emission from an optically thin plasma, with tem- 
peratures 10^-10^ K and 10^-10^ K, respectively, similar 
to that produced by a hot, multi-temperature interstellar 
gas. In particular. X-ray spectra of coronal stars show a 
prominent peak at energies 0.6-0.8 keV due to a blend of 
atomic lines, and the same is expected for interstellar gas 
with temperatures ~0.5-l keV. Therefore, separating the 
collective X-ray emission of faint point sources from truly 
diffuse emission produced by hot interstellar gas is hardly 
possible by means of X-ray spectroscopy alone. 

One might hope, however, to be able to predict the con- 
tribution of unresolved point sources to the X-ray emission 
of a given galaxy using the measured cumulative luminos- 
ity (per unit stellar mass) of faint X-ray sources in the 
Solar vicinity. But how well does this locally determined 
value characterize other galaxies? Is the cumulative X-ray 
emissivity of faint sources strongly sensitive to the prop- 
erties (age, mctallicity, etc.) of the stellar population of 
a given galaxy? To answer these questions, wc selected 
several nearby galaxies with available Chandra observa- 
tions that are likely to be sufficiently gas poor for the 
bulk of their unresolved X-ray emission to be due to un- 
resolved point sources. The first galaxy studied was the 
dwarf elliptical galaxy M 32, for which we demonstrated 
( Revnivtsev et al. 20071 ) that the soft X-ray emissivity 
(with bright LMXBs excluded) per unit stellar mass is 
compatible with the com bined emissivity of CVs and ABs 
in the Solar vicinity (|Sazonov et al. 20061 ). 

In the present paper, we extend this study to a mod- 
erately massive elliptical galaxy, NGC 3379. We focus 
on studying the properties of the unresolved X-ray com- 
ponent in the soft band 0.5-2 keV, where the sensitiv- 
ity of Chandra is maximal. We also discuss the broad- 
band spectral properties of this emission and the im- 
plications for early- type galaxies in general. The unre- 
solved X-ray com ponent of NG C 3379 was previ o usly s tud- 
ied bv lDavid et al. (2005) and lFukazawa et ah ( 2006f ) us- 
ing smaller datasets. Application of the usual assump- 
tion that the hot X-ray emitting interstellar gas is in hy- 
drostatic equilibrium in this galaxy implies an unusually 
high mass-to-light rat io, which led to the suggestion (e.g. 
Fukazawa et al. 20061 ) that a significant contribution to 
the observed X-ray flux of the galaxy comes from unre- 
solved point sources. We argue in this paper that the bulk 
of this emission is likely the superposition of faint point 
sources, CVs and ABs. 

We adopt a d istance to NGC 3379 of 9.8 Mpc 



( Jensen et al.ll2003 ) 



2. Data analysis 

We used all publicly available Chandra observations of 
NGC 3379 (ObsIDs 1587, 4692, 7073, 7074, 7075, 7076), 
which in total provide approximately 340 ks of useful ex- 
posure time. 

The Chandra data were red uced following a stan - 
dard procedure fully described in IVikhlinin et all (2005). 



The detector background was modeled using the stowed 
dataset (http://cxc.harvard.edu/contrib/maxim/stowed). 
To additionally check the accuracy of the background sub- 
traction, we also measured the detector background in re- 
gions away from NGC 3379. 

Point sources were detected in the 0.5-7 keV energy 
band using the wavelet decomposition package wvdecomp 
of ZHTOOLS (|Vikhhnin et al.lll998[ f]. To study the un- 



resolved X-ray emission of NGC 3379, we masked regions 
with radii 2.46" around the detected point sources, which 
ensures removal of more than 98% of the flux from these 
sources in the region of our study (< 100" around the 
aimpoint of Chandra). 

In our the spectral analysis, we adopted a Galactic 
photoabsorption column density toward NGC 3379 
uhL = 2.7 X 10^0 cm-2 (jPickev fc LockmanI IT990[ ) and 
all fluxes quoted below are corrected for this absorption. 



3. Unresolved X-ray emission in NGC 3379 

A conservative source detection threshold of 10 net counts 
corresponds for the analyzed (relatively long exposure) 



dataset to a flux 



10-16 erg s-i 



cm in the energy 



band 0.5-7 keV. Given the adopted NGC 3379 distance, 
this allows us to detect and remove point sources with 
luminosities higher than ~ 2 x 10"^^ erg s~^. 



3.1. Properties of the unresolved X-ray emission 

In Fig. [T] we compare the raw Chandra image of 
NGC 3379, and the near-infrared (iC-band) im- 
age of the galaxy obtained fro rn the 2MASS 

Large Galaxy Atlas (|Jarrett et a l. I I2OO3I, see also 



http: / / irsa.ipac.caltech.edu/applications/2MASS /LGA/ ) . 
In the following analysis, we assumed that the total 
brightness of the galaxy is K = 6.27 (taken from the 
2MASS Large Galaxy Atlas). For a dist ance modu- 
lus m - M = 29.96 (jjensen et all |2003| ). the total 
near-infrared luminosity is Lk = 6.8 x 10^'^ Lq. Using 
the color dependent mass-to-light rat io M/Lk = 0.84 



determined for B - V = 0.96 from iBeU et al.l (|2003h . 



we further estimated the stellar mass of NGC 3379 at 
« 5.7 X IO^oMq. 

In Fig. [2] we compare the radial surface brightness 
profiles of the unresolved X-ray emission (i.e., excuding 
detected point sources) with the near-infrared light of 
NGC 3379. In Fig. [Sj we show the energy spectrum of the 
unresolved X-ray emission collected by Chandra within 
the central region of NGC 3379 of radius 33", which is 
approximately the effective radius of the galaxy in the 
near-infrared spectral band. 

One can sec from Fig.[2]that the unresolved X-ray (0.5- 
2 keV) emission very closely follows the near-infrared light 
in NGC 3379, which implies that this emission is charac- 
terized by a constant ratio of X-ray and A'-band emissivi- 



http: / /hea- www.harvard.edu /saord / zhtools / 
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Fig. 1. Raw Chandra image (left panel) of NGC 3379 compared witii the near- infrared {K-ha,nd) image of the galaxy 
(right panel) . Contours in the left image are logarithmically spaced near-infrared brightness isophotes. 



Spectrum of the unresolved emission of NGC 3379 



NGC 3379 



10 - 



0.1 r- 




lin 33" LyL^~6.9 x 1 0" erg/s/L^g 
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100 
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Fig. 2. Radial surface brightness profile of NGC 3379 in 
the 0.5-2 keV energy band. The contribution of point 
sources with luminosities > 2 x 10'^^ erg s""'^ has been 
subtracted. The solid line shows the radial profile of near- 
infrared (-ftT-band) surface brightness, rescaled by the fac- 
tor io.5-2 kev/Lx = 6.9 X 10^'' crg s~^ ^liQ- The agree- 
ment between the X-ray and A'-band profiles is excellent 
and supports the stellar origin of the soft X-ray emission. 



ties, or by constant X-ray emissivity per unit stellar mass. 
In the region < 33" around the center of the galaxy: 



in 5-5 



Lk 

Lo.5-2 kcV 



= (6.9 ± 0.7) X 10^^ eig-h-^ L]^]q, (1) 
= 8.2 ± 0.8(±2.5) X 10^^ erg-^s-^Mg^ (2) 



The quoted uncertanties in equations ([T|) and ^ arc 
derived from the statistical errors in the measured X-ray 



10 



T" 



Energy, keV 

Fig. 3. Spectrum of the unresolved X-ray emission of 
NGC 3379, normalized to the stellar mass contained in 
the 33"ccntral region. 



fiux. In addition, we assumed a 30% uncertain ty in the 
Lk to conversion (see e.g. iBell et al.l 120031 ): the cor- 
responding systematic uncertainty is given in parentheses 
in equation ([2]). 



3.2. Remaining contribution of LMXBs below ttie 
detection threshold? 

Since NGC 3379 is an elliptical galaxy with virtually 
no ongoing star formation, essentially all of the detected 
bright X-ray sources (with luminosities above 2 x 10'^^ 
erg s~^) are expected to be low mass X-ray bina- 
ries. Could the remaining unresolved emission be due to 
LMXBs with luminosities below our detection threshold? 
To investigate this possibility, we allowed the threshold 
for masking point sources to vary and calculated the total 
number of counts in the masked 0.5-2 kcV Chandra image 
as a function of the threshold (Fig. |4]). One can see that 
this dependence fiattens at luminosities below ~ 2 x 10'^^ 
erg s~^, confirming the presence of unresolved X-ray emis- 
sion. 

If we assume that the a verage luminos ity function of 
LMXBs in nearby galaxies (|Gilfanovll200l continues be- 
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Fig. 4. Number of counts detected by Chandra in the 0.5- 
2 keV energy band within the central 33" radius region 
of NGC 3379 as a function of the threshold above which 
point sources were masked (upper solid histogram). The 
lower histogram shows Nthresh, the cumulative number 
of counts from detected point sources (i.e. those brighter 
than 10 counts) that are weaker than the given thresh- 
old. The gray area shows the predicted value of Nthresh 
assuming that all the detected sources are LMXBs and 
is based on the luminosity function of LMXBs in nearby 



Fig. 5. Emissivities per unit stellar mass (upper panel) 
and per unit K-hand luminosity (lower panel) of the un- 
resolved soft X-ray (0.5-2 keV) emission in three galaxies: 
M32, the bulge of M31 and NGC 3379 (see text). 



3.3. Nature of the unresolved emission - superposition 
of weak sources 

What is then the origin of the unresolved soft X-ray (0.5- 
2 keV) emission of NGC 3379? Previous stu dies assumed 



that i t is produced by hot interstellar gas (e.g.lDavid et al 



galaxies integrated above = 2 x lO^^ erg s i; the bOOStlFukazawa et al.ll200l IPellegrini fc Ciottill2006l ) and 



thickness of the gray band corresponds to the variance 
in the normalization of th e LMXB lumi nosity function 
between different galaxies (lGilfanovll20"ol . Note that an 
LMXB with a typical power-law spectrum w ith photon 
index F = 1.6 (jlrwin. Athev. fc Bregman l2003h providing 
10 net Chandra counts in the energy band 0.5-2 keV will 
have an X-ray luminosity 2 x 10"^^ erg s^^ in the energy 
band 0.5-7 keV. The thin dashed line shows the expected 
flux of LMXBs with luminosities 10^*^-2 x 10^^ erg s"^ 
The thick gray horizontal dashed line denotes the residual 
flux outside the 2.46"radius circles used to mask bright 
sources. 



did not consider the possibility that weak (Lx ^ lO'^^ 
erg s~^) undetectable X-ray sources might provide a sig- 
nificiant or dominant contribution. 

We recently demonstrated (jRevnivtsev et al ] l2007^ 
that the unresolved X-ray emission of the nearby dwarf 
elliptical galaxy M32 has the same morphology as its 
near-infrared light and the X-ray emissivity per unit stel- 
lar mass proved to be comparable to the cumulative 
emissivity of faint X-ray sources - cataclysmic variables 
and c oronally active bina ries - in the solar neighbor- 



hood ( Sazonov et al. hood ). Similarly, t he unresolved X 



ray e mission in the ridge of our G alaxy (IRevnivtsey et al 



low 10 erg s with the same slope as measured in 
the range lOfMOf^ 
Fig. 6 in iRevnivtsev et al 
(Lo.5-7 keV ^ 2 X 1036 erg 



s JjWe find (see Fig. |4] and also 
l2007t l that unresolved LMXBs 

s~^), whose collective emissiv- 

-,-1 



ity per unit stellar mass is estimated to be ^ 10 ' erg s 
Mg^, cannot account for more than ~3% of the unresolved 
X-ray emission of NGC 3379. We also estimate that less 
than ^^8% of the unresolved emission can result from our 
incomplete removal of bright sources (see Fig.[4|). 



20061 ) and in the bulge of M31 (|Li fc Wand |2007| ) have 
comparable X-ray emissivities. The similarity of these un- 
resolved X-ray emissivities (per solar mass) strongly sug- 
gests that their unresolved X-ray emission arises from nu- 
merous faint X-ray sources, mostly CVs and ABs, and 
that this emission is characterized by a nearly constant 
emissivity per unit stellar mass, similarly to the case of 
brighter X-ray sources - LMXBs. 

The qualitatively and quantitatively similar results 
presented here for NGC 3379 lead us to conclude that 
also in this galaxy the bulk of the unresolved X-ray emis- 
sion is produced by weak X-ray sources, mostly CVs and 
ABs, rather than by hot interstellar gas. 
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Figure [5] demonstrates that the emissivities of the 
unresolved soft X-ray emission in the eUiptical galaxies 
NGC 3379 and M32 and in the bulge of the spiral galaxy 
M31 agree within a factor of 2 with each other and are 
compatible with the cumulative emissivity of CVs and 
ABs in the Solar neighborhood. For thi s figure the values 



for M3 2 and NGC 3379 are adopted from lRevnivtsev et al 



chromospherically active stars is known to be determined 
by th e star's rotational velocity (see e.g lWalter fc Bowver 
Il98ll) . which in turn may depend on stellar age. Single 
stars gradually slow down as they age, which leads to a 
monotonic decrease of their X-ray luminosity. The evolu- 
tion of chromospherically active stars in binaries is si; 
nificantly more complicated 



Eker et al. 200 



(|2007r ) and the current paper, respectively. The L^/M^, 
values for the M31 bulge are adopte d from iLi fc Wang 
( 2007t l and iBogdan fc Gilfanovl (|2008h and their conver- 
sion to Ly^l Lk assumed the mass-to- light ratio M^,/ Lk — 
0.85. The dark-gray stripe indicates the value and uncer- 
tainty of the cumulative X-ray emissivity of cataclysmic 
variables and coronally active binary stars (both repre- 
senting the old stell ar population) in the Solar vicinity 



{see e.g. 

making it difficult to predict the evolution of their X- 
ray luminosity. Also, the orbital periods of accreting 
white dwarf binaries (which dominate the unresolved X- 
ray emission of galaxies at energies >3-5 keV) decrease 
with time (unt il they reach the so-called pe riod min- 
imum, see e.g. IPaczvnski fc Sienkiewiczl Il98l[ ). This is 
accompanied by a decreasing ma. ss accretion rate (e.g. 



Rappaport. Joss, fc Webbin. 



^ . Therefore, one might 

( Sazonov et al. 20061 ): the estimate shown by the light- anticipate the X-ray luminosity of CVs to decrease with 



n g ma g 



gray area also includes t he contribution of ne arby young 
(■C 1 Gyr) coronal stars (jSazonov et al. I l2006h . which are 



expected to be rare in early-type galaxies and galactic 
bulges. The conversion from Ly^/M^, to L^/Lk for the 
Solar vicinity values was done assuming M^/ Lk = 0.85. 

The spectral shape of the unresolved X-ray emission of 
NGC 3379 is broadly compatible with the combination of 
spectra of CVs and ABs i n proportion, adopted from the 
Solar vicinity analysis bv ISazonov et aL ( 20061 ). However, 
our knowledge of the relative contributions of CVs and 
ABs to the galactic emission in the 0.5-2.0 keV energy 
band remains limited with considerable uncertainties (see 
e.g. iSazonov et al, 2006). 

We note here that in the Solar vicinity an additional 
significant soft X-ray emission is produced by young coro- 
nal stars associated with recent star formation and the 
local estimate, including this contribution, is a factor of 
2-3 larger than the emissivities found for M32, NGC 3379 
and for the M31 bulge ( although there is a large uncer- 
tainty in the local value. ISazonov et al.ll2006l ). The lower 
emissivity of the three early- type galaxies/bulges is ex- 
pected due to their predominantly old stellar populations, 
with a much lower abundance of young stars than in the 
Solar neighborhood. 

4. Universality of the X-ray emissivity of the old 
stellar population 

We argued above that the X-ray emissivities of the weak 
X-ray sources associated with the (old) stellar populations 
of the three nearby early- type galaxies/bulges (NGC3379, 
M31, M32) are mutually compatible. However, it is nat- 
ural to expect some variations in this emissivity. First, 
since the main mechanism of X-ray production in coro- 
nally active stars and cataclysmic variables is optically 
thin plasma emission, metal lines are expected to provide 
a considerable contribution in the energy band 0.5-2 keV 
(e.g. the blend of lines at ~0.8 keV). Hence the X-ray 
emissivity of a stellar population should depend on its 
metallicity. 

Second, the age of a stellar population can affect its 
X-ray emissivity. For example, the X-ray luminosity of 



age. 

Despite these possible effects, the L^jM^ ratios found 
for the unresolved X-ray emission in M32, NGC 3379 and 
in the bulge of M31 agree with each other within a factor 
of 2. This suggests that the X-ray emissivity (per unit 
stellar mass or per unit near-infrared luminosity) averaged 
over these early- type galaxies/bulges may be regarded as a 
nearly universal property characterizing the old (^ 1 Gyr) 
stellar population in all galaxies: Lo.5-2 kov/-^* = (7.0 ± 
2.9) X 10^7 erg s"! Mq^ and Lo.5-2 kevAx = (5.9±2.5)x 
10^^ erg s~^ -^K^g- These values are the mean and the 
rms scatter of the values of X-ray emissivity, measured in 
these three galaxies. It is important to note however that 
in regions of active star formation the cumulative X-ray 
emissivity of weak stellar-type sources may be significantly 
different from these values. 

Since also the brighter X-ray sources belonging to the 
old stellar population - LMXBs - are characterized by 



similar universality fe.g. lGilfanovll2004t ). we might expect 
the X-ray emission of any early-type galaxy to include a 
resolvable (in nearby galaxies) component due to LMXBs 
and an unresolved component due to weak point sources, 
with the relative contributions of these components not 
varying significantly from one galaxy to another. In addi- 
tion, there may be truly diffuse emission produced by hot 
interstellar gas. 

To illustrate this point, we compare in Fig. [6] the X- 
ray (0.5-7 keV) spectra of three elliptical galaxies with 
very different stellar masses and gas content. Specifically, 
we compare the total Chandra spectra of M32 (M* ~ 
IO^Mq), NGC 3379 (M* ~ 6 x lO^^Mo) and the giant 
galaxy M87 (M* ~ 4 x IO^Mq). For M32 and NGC 3379 
we also show the spectra of their unresolved X-ray emis- 
sion. 

The total emission of M32 and NGC 3379 is clearly 
dominated by LMXBs and can be approximately de- 
scribed by a power-law spectrum with photon index F = 
1.6, a value t ypical of LMXB spectra in the 0.5-7 keV 
energy band (jlrwin. Athev. fc BregmanI 12003! ) . The un- 
resolved X-ray emission of these galaxies, which we be- 
lieve is the superposition of weak point sources, CVs and 
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Fig. 6. Spectra of three elliptical galaxies of different masses normalized to their near-infrared (_ftr-band) luminosities. 
The upper sets of Chandra data points represent the total X-ray emission, collected within the effective radii of the 
galaxies (~ 35" for M32, ~ 33" for NGC 3379 and - fOO" for M87). The lower set of data points for M32 and 
NGC 3379 represent their unresolved X-ray emission. The upper gray stripe indicates the expected contribution of 
LMXBs, which is a power law with photon index F = 1.6 and normalization corresponding to the total 0.5-7 keV 
emissivity of LMXBs wit h luminosities > lO'^^erg s~^ calculated using the analytical approximation of the LMXB 



luminosity function from lGilfanovl (|2004l ). The t hickness of this stripe indicates the scatter between the normalizations 
of the luminosity functions of different galaxies (|Gilfanovll2004[) . The lower thick stripe shows a rough spectral model 
of the unresolved X-ray emission produced by weak point sources (see text), whose normalization is chosen to be the 
average over the three galaxies presented in Fig. O The thickness of the curve represents the scatter between the 
emissivities of the unresolved X-ray emission of those galaxies. 



ABs, has a spectrum that can be roughly approximated 
(using the Chandra spectrum of NGC 3379) by a com- 
bination of thermal plasma emission {mekal model in 
XSPEC) with temperatu re kT = 0.5 keV and a Solar 
( Anders fc Grevessel[l989l) abundance of heavy elements, 
and a power law with F = 1.9. The ratio of the luminosi- 
ties of the mekal and powerlaw components in the 0.5-2 
keV band was set to 2.03. These components add up so 
that their combined emissivities in the 0.5-2 keV and 2-7 
keV bands are Lo.5-2 kcv/M, = (8.2 ±2.5) x 10^^ erg 

and L2-7 kcv/M, = (6.3±2.5) x 10^^ erg s^^ Mq\ 
respectively. 

In the case of the giant galaxy M87 in the Virgo cluster, 
most of the X-ray emission comes from the hot gas, while 
LMXBs and weak X-ray sources are expected to provide 
~ 1% and ~ 0.1% of the total emission in 0.5-2 keV energy 
band (see Fig. [6]). 



5. Broad energy band picture for early-type 
galaxies: 0.5-100 keV 

The above discussion was restricted to the Chandra work- 
ing energy band (0.5-7 keV), with particular focus on the 
soft band (0.5-2 keV) where Chandra is most efficient. We 
now wish to extend this discussion to the study of early- 
type galaxies at photon energies up to ~100 keV. 

As was already discussed in the preceeding section, the 
X-ray emission of an early-type galaxy is expected to con- 
sist of three main components: (i) emission from LMXBs, 



which may be at least partly resolved (depending on the 
instrument, exposure and distance to the galaxy), (ii) 
unresolved diffuse-like emission produced by cataclysmic 
variables and coronally active stars and (iii) diffuse ther- 
mal emission of hot interstellar gas. There may also be ad- 
ditional contributions from e.g. nonthermal emission asso- 
ciated with cosmic rays or from X-ray sources representing 
young stellar populations (in particular HMXBs). 

Below we discuss how the relative contributions of the 
main X-ray emission components of an elliptical galaxy 
vary across the broad energy band 0.5-100 keV and for 
illustration consider the X-ray spectrum of the giant gas 
rich elliptical galaxy M87 (Fig.[7|. 

5.1. LMXBs 

Low-mass X-ray binaries typically contribute at the level 
of L ^/M^ ~ 8 x10^ ^ erg s"^ Mg^ in 0.5-7 keV energy band 



(e.g. Gilfanovl2004 ) and have very hard spectra at energies 
< 10 keV. At energies above 10 keV, the spectra of the 
brightest LMXBs {L^ ^ 10^''' erg s~^), which contribute 
the most to the cumulative emissivity of L MXBs at £^ < 
10 keV, have an exponential cutoff (e .g. iMitsuda et al 



1984 IPavlinskv. Grebenev. fc SunvaevI Il994l ). Therefore, 
at still higher energies (> 20 keV) the less luminous 
LMXBs in the so-called low/hard spectral state dominate. 

We show in Fig.[7]an expected broad-band spectrum of 
an entire galactic population of LMXBs. It is constructed 
of the Chandra spectrum of NGC 3379 at < 7 keV 
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and the cumulative spectrum of the Galactic Center re- 
gion (with the total mass of the e nclosed stellar popula- 
tion 10^°Mq) obtained by iKrivonos et all (|2007t) 

with RXTE/PCA and INTEGRAL/ IBIS at energies be- 
tween 5 and 100 keV. Both parts of the spectrum were 
normalized by the corresponding stellar masses and the 
high-energy part was additionally multipled by a factor 
of 4 to match the data points at i? < 7 keV. This addi- 
tional rescaling can be justified partly because LMXBs are 
somewhat less abu ndant in the Mil ky Way than in nearby 
ellipticals (see e.g. iGilfanovl l2004l ) and also because the 
observed number of sources which contribute the most to 
the cumulat ive flux in the Galactic Center region explored 
by IXrivonos et al. (2007) is small. At energies 3-20 keV, 
it is LMXBs with ~ lO^^-^-lO^® erg s^^ (3 sources), 

36_ 



and at energies 20-200 keV it is LXMBs with 10 
10'^'' erg s~^ (3-4 sources). 



5.2. CVs and ABs 

In Fig. [7| we also show a composite spectrum of a 
galactic population of weaker point sources, includ- 
ing cataclysmic variables and coronally active binary 
stars. This spectrum is constucted from the Chandra 
spectrum of the unresolved emission of NGC 3379 
at energies below 7 keV and of the high-energy (3- 
100 keV) spectrum of the G alactic Ridge X-ray Em ission 
measured by RXT E/PCA dRevniytsev et all j2006h and 
INTEGRAL/IBIS (iKrivonos et al.ll2007l) . This compos- 
ite spectrum can be approximately described by a 
mekal+powerlaw model described in Sect. 4 with the 
multiplicative addition of a high-energy exponential cut- 
off, exp(-£;/18 keV). 



5.3. Hot interstellar gas 

More massive elliptical galaxies often reside in clusters or 
groups of galaxies and have large reservoirs of hot gas, 
which produces most of the X-ray emission of such galax- 
ies. The best studied example is the giant elliptical galaxy 
M87 in the central part of the Virgo cluster. In Fig. [7] we 
show the spectrum of M87 collected by Chandra in the 
0.5-7 keV energy band within the optical effective radius 
of the galaxy (^^100"), to which we attached the spectrum 
observed by RXTE/PCA in the 3-20 keV band within the 
central l°-radius region of M87. To obtain a good match 
of the Chandra and RXTE data points, we multiplied the 
latter by a factor of 0.06, which is approximately the ratio 
of the X-ray luminosities of the cen tral 100" and 1° regions 
of M87 (e.g. iBohringer et al.lll99i ). Note that in the large 
region the emission is dominated by the thermal gas even 
more strongly than within the central 100" radius circle. 
Therefore, when the RXTE spectrum is renormalized to 
match the Chandra spectrum at energies of a few keV, 
the contribution of the stellar population to the resulting 
spectrum shown in Fig.[7]is smaller than one would expect 
for the central 100" region. 



From the above discussion and Fig. [7] we can draw the 
following conclusions: 

— The 0.5-100 keV emission observed from a gas poor 
elliptical galaxy by a non-imaging (or poor angular 
resolution) instrument, such as RXTE/PCA, will be 
dominated by LMXBs, although weaker X-ray sources 
such as CVs and ABs will provide an important contri- 
bution (10-20%) in the soft X-ray band (below 2 keV) 
and also near 20 keV. 

— Future hard X-ray imaging instruments such as Nustar 
and Symbol-X should be able to resolve individual 
LMXBs in nearby galaxies. In this case, in gas poor 
elliptical galaxies there will be a residual diffuse-like 
hard X-ray component due to unresolved cataclysmic 
variables (coronally active stars provide a minor con- 
tribution at energies above 10 keV) resembling emis- 
sion of diffuse thermal gas with a temperature of ~20- 
30 keV. 

— In gas rich galaxies like M87, thermal emission of hot 
intergalactic gas strongly dominates at energies be- 
low 10 keV. At higher energies, however, the contribu- 
tion of point sources can be significant or even dom- 
inant. In fact, as one can see from Fig. [3 LMXBs 
start to dominate in M87 already at ~20 kcV, and 
if these LMXBs can be resolved by a future hard 
X-ray telescope then the remaining unresolved emis- 
sion at energies 20-40 keV may have comparable con- 
tributions from hot interstellar gas and weak point 
sources (mostly CVs). Searches for nonthermal hard X- 
ray emission from brightest cluster galaxies, like M87, 
must account for these other components. 



6. Summary and the future 

In this paper we have demonstrated that the X-ray emis- 
sion of the gas poor elliptical galaxy NGC 3379 that 
remained unresolved after subtraction of bright X-ray 
sources (predomincntly LMXBs) can be explained as the 
cumulative emission of yet weaker descrete stellar-type 
sources, namely coronally active stars and cataclysmic 
variables. The correspondence of the measured X-ray 
emissivity (per unit stellar mass or per unit K-hand lu- 
minosity) with the cumulative emissivity of such objects 
in the Solar vicinity indicates that there is no need for an 
additional contribution from hot interstellar gas in this 
galaxy. 

The consistency (within a factor of 1.3) of the X-ray 
emissivities of faint discrete sources in the galaxies M32, 
Milky Way, M31 and NGC 3379, which differ in mass 
by more than a factor of 50, suggests that stellar- type 
sources (apart from bright LMXBs) in a given early-type 
galaxy of mass A/* should produce a soft X-ray luminosity 
^0.5-2 kov ~ 7x103®(M*/10"Mq) erg s'^. Furthermore, 
since the majority of the contributing sources (CVs and 
ABs) are expected to be relatively old (Jjl Gyr), they 
should provide a similar contribution also in late-type 
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Fig. 7. Illustration of the composition of the X-ray spec- 
trum of an elliptical galaxy from three main components 
(from the top to the bottom) - hot interstellar gas (spectra 
of M87 and NGC 4472); cumulative spectrum of emission 
of low mass X-ray binaries (spectrum of NGC 3379 and 
Milky Way, see text for details); cumulative spectrum of 
active stars and CVs (spectra of NGC 3379 and the Milky 
Way, see text for detals). 



galaxies. However, in the latter case there might be an ad- 
ditional contribution from weak X-ray sources belonging 
to younger stellar populations, e.g. from rapidly rotating 
single coronal stars, as indicated by observations of the 
Solar vicinity ( Sazonov et al. 20061 ). 

It is important to emphasize that the spectral shape of 
the emission of faint discrete sources is very similar to the 
emission of multitemperature hot interstellar gas and it is 
virtually impossible to distinguish one from the other us- 
ing present-day X-ray spectrometers. We may anticipate, 
however, that the next generation of high energy resolu- 
tion X-ray spectrometers will be able to disntinguish these 
two types of sources by detecting the expected redshifted 
lines in the emission from the accreting white dwarf in 
CVs or through the expected differences in the line emis- 
sion of the relatively dense plasma in stellar coronae and 
in the tenuous interstellar gas. 

We showed that the relative contributions of different 
constituents to the total emission of galaxies are expected 
to strongly depend on the energy band of the given study. 
We presented schematic broad-band spectra of the major 
contributors to the X-ray emission of galaxies (see Fig. [7|) . 

The fact that the cumulative contribution of weak 
stellar-type X-ray sources can provide a significant or 
even dominant contribution to the observed unresolved 
extended X-ray emission of galaxies even as massive as 



NGC 3379 (~ 6 X IO^'^Mq) must be considered in differ- 
ent studies such as measurements of the masses and the 
hot gas content of elliptical galaxies. 
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